The p53 tumor suppressor protein binds two copies of a ten base pair motif that is degenerate in eight out of ten bases and conforms to the sequence, 5'PuPuPuC(A/ T)(T/A)GPyPyPy-3'. As a consequence of this high degree of degeneracy, p53 response elements show a great deal of variation and it has been speculated that the variation aids in the selective activation of p53 responsive genes by speci®c stimuli. Here, we examined the DNA binding characteristics of several dierent p53 protein complexes present in nuclear extracts prepared from a cell line expressing the murine temperature sensitive p53 protein, p53 val135 . Interestingly, the complexes exhibited a distinct preference for binding to some p53 response elements and not others. A critical determinant of this speci®city was the sequence at the center of the ten base pair motif and alteration of a single base within this region was sucient to alter the set of complexes that associated with the oligonucleotide. In addition, thermal denaturation experiments demonstrated that some complexes could bind DNA even though the p53 val135 protein had a mutant conformation. Our results are consistent with the hypothesis that p53 can distinguish between various response elements and suggest that this selectivity is manifested, in part, by the sequence of the motif and conformation of the p53 protein.
Keywords: p53; DNA binding; EMSA The tumor suppressor, p53, can bind DNA in a sequence speci®c manner and can function as a transcription factor which regulates several biological pathways that collectively act to inhibit the development of neoplasms Smith and Fornace, 1996) . Compelling evidence indicates that p53's ability to bind DNA is crucial to its function as a tumor suppressor. With regard to this it is notable that point mutations which inactivate p53's tumor suppressor function are found clustered in the protein's DNA binding domain, suggesting that this activity is a speci®c target for alteration or elimination by mutations (Hollstein et al., 1994) . However, unlike mutations that occur in other tumor suppressor genes, mutations in p53 frequently do not completely inactivate the protein, but instead appear to alter its function. Mutant p53s have been shown to act as dominant oncogenes in transformation assays (Hinds et al., 1989) and introduction of an exogenous mutant p53 gene into cells that lack endogenous p53 exhibit a more transformed phenotype (Dittmer et al., 1993) . Furthermore, the majority of mutant p53 alleles continue to be expressed in tumors suggesting that the mutant protein performs some function that provides a growth advantage to tumor cells. Mounting evidence indicates that at least some mutant p53 proteins are capable of binding DNA implying that mutants also have the capacity to modulate gene expression (Crook et al., 1994) . From these data it has been inferred that mutant proteins either activate only a subset of the genes stimulated by wild-type p53 or induce the expression of genes that are not normally acted upon by the wild-type protein. Indeed, experimental evidence suggests that, at least some of the most common mutant p53s, can induce the expression of the multiple drug resistance gene (Dittmer et al., 1993) .
It is not clear whether p53 exhibits selectively in DNA binding nor is it clear what might in¯uence this. Here we show that a murine p53 protein can form multiple complexes and that these complexes exhibit selectivity when tested for binding with several dierent p53 response elements.
Results

p53
val135 functions as a wild-type protein at 32.58C. At this temperature, it induces growth arrest, exhibits a conformation that is recognized by wild-type p53 speci®c monoclonal antibodies (Martinez et al., 1991) , and suppresses transformation of rodent cells by dominant oncogenes (Michalovitz et al., 1990) . We previously showed that, at 32.58C, p53 val135 bound DNA and induced the expression of mdm2 and p21 waf1 , two genes whose expression is known to be modulated by wild-type p53 (Martinez et al., 1997) . Characterization of p53 val135 DNA binding activity showed that the number and size of the complexes which associated with a particular DNA fragment was reproducibly distinctive for each of the oligonucleotides containing a p53 response element (PRE) suggesting that the p53 complexes interacted selectively with the DNA elements.
To further examine this, we characterized the interaction between p53 val135 and several oligonucleotides containing PREs from GADD45 (Kastan et al., 1992) , p21
Waf1 (El-Deiry et al., 1993) and the mdm2 (Wu et al., 1993) genes and the ribosomal gene complex (RGC-w) (Kern et al., 1991) . Nuclear extracts were prepared from A1 ± 5 cells grown at 32.58C and tested, using the electrophoretic mobility shift assay (EMSA), for binding with the four oligonucleotides. At least four dierent bands were observed which were numbered beginning with the most rapidly migrating band (Figure 1 ). Of these, bands one and three were seen consistently. Both could be competed by unlabeled p21 oligonucleotide but not a scrambled version of the same sequence, and both were supershifted by a p53 speci®c antibody (Figure 1a and b). The appearance of band two was more variable and, therefore, more dicult to characterize. However, it seems likely that band two also was due to a p53 complex because it was not competed by unlabeled scr p21 oligo and because partially puri®ed preparations of complex three could give rise to smaller complexes that generate bands of the same relative mobility as band two (unpublished results). Finally, one band (labeled with an asterisk) was found to be due to nonspeci®c protein/DNA interactions because it could be competed with the unlabeled scrambled p21 oligonucleotide and was not supershifted when a p53-speci®c monoclonal antibody was added to the DNA binding reaction.
When the EMSA band pro®les produced using the four oligonucleotides were compared (Figure 1c) , it could be seen that two distinct patterns of bands were produced. For example, one prominent EMSA band (band three) was observed when using either the mdm2 and RGC-w PRE oligonucleotide. However, both bands one and three were seen in reactions where the same nuclear extracts were incubated with either the p21 waf1 or GADD45 PRE containing oligonucleotides. Therefore, based on the number of bands that were observed in the EMSA assays, the four p53 response elements could be grouped into two categories.
We next asked whether there were sequence similarities between oligonucleotides within a category. p53 response elements typically consist of two ten base pair motifs, or half sites, separated by 0 ± 13 base pairs . Each half site consists of two pentamers oriented in a head to head fashion and conforms to the general consensus sequence, 5'-PuPuPuC(A/T)(T/A)GPyPyPy-3'. In comparing the ten base pair motifs contained within the four oligonucleotides, we found that the pentamers in the p21 waf1 and GADD45 elements were very similar and were strongly palindromic (Table 1 ). In these two elements the central four bases of the half sites had a distinctive CATG sequence that was conserved between the two motifs. By contrast the pentamers composing the mdm2 and RGC-w ten base pair motifs were less symmetrical and the four center bases more variable. Thus, the oligonucleotides within the two groups had similar sequences at the center of the ten base pair motifs.
These observations combined with our EMSA assay results suggested that the protein complex giving rise to band one could only bind to response elements which contained CATG at the core of the ten base palindrome. To test this we synthesized two modi®ed oligonucleotides. In the mod p21 oligonucleotide, the adenine at the center of the ten base pair palindrome was replaced with a thymidine (Table 1) changing the core sequence from CATG to CTTG. This made the core of the mod p21 oligonucleotide identical to the core of the RGC-w sequence. Conversely, the thymidine in the center of the RGC-w ten base pair motif was replaced by an adenine which changed the core sequence from CTTG to CATG making the four center bases of the mod RGC oligonucleotide identical to the unmodi®ed p21 waf1 and GADD45 p53 response elements.
As can be seen these sequence modi®cations altered the pattern of bands generated when the modi®ed oligonucleotides were used in DNA binding assays (Figure 2 ). In EMSAs using mod p21 oligonucleotide only band three was observed indicating that mod p21 bound only complex three, whereas the unaltered p21 oligonucleotide bound both complexes one and three. Conversley, bands one and three were observed when the mod RGC oligonucleotide was used in EMSAs, whereas only band three was observed when the unaltered RGC-w oligonucleotide was used. Addition of PAb421 to the DNA binding reactions resulted in supershifted bands indicating that p53 val135 was a constituent of the complexes that gave rise to the bands observed in the binding assays using the modi®ed oligonucleotides. Hence, we concluded that complex one requires the more symmetrical CATG sequence at the center of the ten base pair motif within the PRE for binding, whereas complex three appears to be less discriminating.
Sensitivity of p53 val135 DNA binding activity to changes in conformation
Our experiments with the modi®ed oligonucleotides suggested that complexes one and three diered in their DNA binding properties. To determine whether the complexes diered in their sensitivity to changes in conformation of p53, we took advantage of the thermolabile nature of p53 val135 . Heating A1 ± 5 nuclear extracts which contained wild-type p53 val135 to 378C resulted in a profound change in p53 val135 conformation (Figure 3) . Within 2 min after heating to 378C, wildtype p53 val135 was no longer detectable by immunoprecipitation with the wild-type speci®c monoclonal antibody, PAb246. In contrast the quantity of mutant protein, detectable by immunoprecipitation with the mutant speci®c antibody PAb240, was elevated by heating and became the predominant form of protein after two or three minutes at 378C.
Having demonstrated that heating could induce the wild-type p53 val135 in nuclear extracts to adopt a mutant conformation, we next determined whether this aected the protein's ability to bind DNA. Remarkably, neither (Figure 4) . The only exception to this was observed with the mod RGC oligonucleotide which showed no interaction with complex three, but which did interact with complex one. Overall binding by complex one appears slightly elevated when using the heated extracts. However, the DNA binding activity exhibited by complex one in heated extracts is nonspeci®c in nature. This is most apparent in EMSAs where heated nuclear extract was probed with the p21 oligonucleotide (Figure 4a , ®rst panel) where including the scrambled oligonucleotide in the assay successfully eliminated band one. Interestingly, binding by complex three is also reduced in this instance suggesting that the interaction between complex three and the p21 waf1 oligonucleotide is nonspeci®c. Yet the nonspeci®c competitor DNA had little eect on binding between complex three and the other oligonucleotides tested. The interaction between complex three in heated extracts was distinct from that observed when using unheated extracts where the nonspeci®c competitor had no eect on binding by the wild-type p53 val135 ( Figure 1a ).
Discussion
The DNA binding activity demonstrated by p53 is crucial to its function as a tumor suppressor and thorough characterization of this activity will be important to understanding how it functions in this capacity. Moreover, because the majority of p53 point mutations fall within the protein's DNA binding domain and because mutant proteins function as dominant oncogenes, characterization of the DNA binding activity of both the wild-type and mutant protein may also provide insight into how mutations convert this tumor suppressor into an oncogene. Here, we characterized the interaction between p53 val135 protein complexes and several p53 response elements and found that the protein/DNA interaction is in¯uenced by both the sequence of the DNA element and by the structure of the protein. In nuclear extracts prepared from A1 ± 5 cells p53 val135 formed multiple complexes that diered in size and capacity to bind PREs derived from dierent p53 regulated genes. Four dierent p53 response elements were tested as binding substrates and each was observed to bind with a characteristic set of the p53 val135 containing complexes that were present in the A1 ± 5 cell extracts. Speci®cally, those p53 response elements that had CATG at the center of their ten base pair motifs could be bound by the two complexes, one and three. However, complex one did not bind those elements where the central core deviated from the CATG sequence found at the center of the p21 waf1 and GADD45 PREs. Hence, those elements, from mdm2 and RGC-w, were bound only by complex three.
These observations suggested that the sequence at the center of the ten base pair motif was an important determinant for the selective interaction between DNA and the p53 val135 complexes. This was con®rmed by introducing a single base pair modi®cation of the p21 waf1 oligonucleotide, which altered the core sequence from CATG to CTTG and resulted in a consensus site that closely resembled the consensus site found in the RGC-w element. This modi®cation was sucient to eliminate binding of this element by complex one. Hence, not all p53 consensus sites are equivalent in their capacity to interact with the p53 protein.
These analyses suggested that there is an important interaction between the p53 protein and the central Figure 4 Speci®city of mutant p53 val135 DNA binding activity. Heated A1 ± 5 nuclear extract was tested for binding to (a) the oligonucleotides containing either the unmodi®ed p21, gadd45, mdm2, or RGC-w p53 response elements, or (b) the oligonucleotides containing the modi®ed p21 or modi®ed RGC motifs. In each case the oligonucleotide was incubated either with extract only, extract plus 1 mg of the same, but unlabeled, oligonucleotide used as probe, or extract plus 1 mg of unlabeled oligonucleotide containing the scrambled p21 consensus site. The positions of bands are marked at the left on each panel four bases of the consensus site. Interestingly, X-ray diraction studies of p53/DNA complexes indicate that the center bases of the ten base pair motif are critical sites for contact between the protein and DNA (Cho et al., 1994) . Speci®cally, arginine 248 in the p53 protein interacts with the minor groove at a point in the consensus sequence bounded on one side by the thymidine located in the center four bases of the palindrome. Interestingly, precise positioning of the arginine against the phosphate groups of the DNA backbone are possible due to compression of the minor groove and this is determined, to some extent, by the sequence of the core bases. The importance of this contact is underscored by the fact that the most frequently mutated p53 amino acid residue in human cancers is Arg 248 (Hollstein et al., 1994) . In this context, it is notable that our results suggest that the central sequences of the half-sites within the PRE may also play a role in the speci®city of binding exhibited by p53 val135 complexes. The thymidine in the core CATG sequence is the same base that bounds the minor groove that is contacted by argine 248 and we show here that alteration of this one base is sucient to change the set of p53 complexes with which the p21 waf1 oligonucleotide will interact. Therefore, one potential consequence of the variation in the sequence of the p53 consensus site is that some response elements may be preferrentially bound over others. Recent studies have revealed dierences in the relative capacity of p53 response elements to be activated by p53 (Friedlander et al., 1996) . Furthermore, at least in one case, transactivation by mutant p53 could occur from a pre containing a CATG at the center of the half-site, but not from two other elements where this varied (Park et al., 1996) .
An important observation made in these experiments is that selectivity was not due solely to the sequence of the DNA element. Clearly, conformation of the p53 protein within the complex was also a determining factor with regard to DNA binding. Although thermal denaturation of p53 val135 had little apparent aect on the EMSA band pattern observed with the four oligonucleotides, competition studies showed that the binding properties of the protein had become altered relative to that exhibited by the wildtype protein. The interaction between complex one was clearly nonspeci®c in nature. However, the binding by complex three could not be completed with a nonspeci®c competitor DNA suggesting that the interaction between complex three and the other oligonucleotides, except p21 waf1 , was due to sequence speci®c binding. Yet the interaction between complex three in the heated nuclear extracts and the p21 waf1 oligonucleotide was of a nonspeci®c nature since binding could be competed with the scrambled p21 oligonucleotide. Hence, p53 val135 with a mutant conformation has a weakened anity for the oligonucleotide. It is not clear why this is the case, particularly since the interaction between complex three and the other oligonucleotides remains resistant to competition with the nonspeci®c competitor. Interestingly, recent high resolution footprinting studies show that the interaction between the p21 waf1 PRE is not symmetrical (Nagaich et al., 1997) . When bound to this element, the p53 tetramer footprint extends approximately two bases to the right of the four center bases in the second ten base pair motif. Hence, it is likely that sequences adjacent to the central core region can also in¯uence binding. As a consequence a combination of the central CATG, as in the p21 waf1 consensus site, and the sequences adjacent to the core region in the half site result in an element that has lower anity for complex three when it is composed of mutant p53. With regard to this it is notable that the mod RGC oligonucleotide exhibits greatly reduced binding by complex three in extracts where p53 val135 has been thermally denatured. It is not clear why complexes one and three should exhibit such dierent DNA binding properties. However, given that the relative shift in substrate mobility in EMSA assays is determined, largely, by the size and nature of the protein to which it is bound, we conclude that complex one is smaller than complex three. Therefore, it is likely that the composition of these two complexes is also dierent and that this has in¯uence on binding selectivity. We are currently purifying these complexes in order to more thoroughly understand the dierence in binding properties exhibited by these complexes.
Materials and methods
Preparation of nuclear extracts
A1 ± 5 cells and their growing conditions have been in detail elsewhere (Martinez et al., 1991) . To prepare nuclear extracts, twenty 10 cm plates of A1 ± 5 cells were grown to 95% con¯uency at 398C and then shifted to 32.58C for 3.5 h. Cells were scraped from the plates and nuclear extracts prepared as described by Dignam et al. (1983) . Aliquots were¯ash frozen and stored in liquid nitrogen until needed. Protein concentration of the extracts, determined using the Biorad protein assay, was typically about ®ve micrograms per microliter. Three dierent extracts were used in these experiments.
Oligonucleotides
The following oligonucleotides were used in these studies: 
GTTCGGTACACATTGGCATAGG-3'
Double stranded probes were made by annealing equal molar quantities of the single stranded oligonucleotides and labeling with a-32 P-dATP using Klenow polymerase.
Electrophoretic mobility shift assays
To test for DNA binding activity, 10 nanograms of labeled oligonucleotide, 1 mg acetylated bovine serum albumin (GIBCO/BRL, Gaithersburg, MD), 2 mg poly d(I-C) (Boehringer Mannheim, Indianapolis, IN), and 25 mg of proteins from the nuclear extracts were combined in a 20 ml reaction mixture that contained ®nal concentrations of 72 mM KCl, 13% glycerol, 10.6 mM HEPES (pH 7.9), 0.1 mM EDTA and 0.8 mM MgCl 2 . Reactions were incubated at 158C for 1 h, and then applied to a 1x trisborate, 5% polyacrylamide gel containing 2.5% glycerol. Gels were equilibrated at 48C and pre-electrophoresed at 200 V for at least 1 h prior to applying samples to prevent thermal denaturation of p53 val135 . After electrophoresis, gels were dried and then autoradiographed on Kodak X-Omat ®lm at 7808C with an intensifying screens.
Heat denaturation of p53 val135
Nuclear extracts containing 35 S-methionine labeled proteins were prepared from A1 ± 5 inclubated in methionine free DMEM supplemented with 10% dialysed fetal calf serum and 50 Ci/ml 35 S-methionine for 1 h. Cells were harvested by scraping and nuclear extracts prepared according to Dignam et al. (1983) . To induce conformational changes in p53 val135 in vitro, extracts were warmed to 378C in a water bath. After initiating the warming process, aliquots were removed at regular intervals and mixed immediately with ice cold immunoprecipitation reactions containing 100 ml monoclonal antibody supernatant and 30 ml of protein A sepharose beads. These mixtures were rotated overnight at 48C. Subsequently, immune complexes were washed three times with SNNTE buer (50 mM Tris-Cl (pH 7.4), 5 mM EDTA, 5% sucrose, 1% Nonidet P-40, 0.5 M NaCl) and once with RIPA buer (50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate, 1% sodium deoxycholate). Proteins were solubilized into 45 ml of SDS ± PAGE sample buer (0.125 M Tris-Cl (pH 6.8), 20% glycerol, 70 mM SDS, 2% 2-mercaptoethanol, 0.001% bromphenol blue) and electrophoresed on 10% SDS ± PAGE gels. The gels were dried and exposed to Kodak X-OMAT AR ®lm at 7808C. Radioactivity in the p53 val135 bands was quantitated using a Molecular Dynamics Phosphorimager.
In those experiments where the heated extracts were used in EMSA assays, the extracts were heated to 378C for 10 min and then aliquots mixed with 15 ml of master mix (666 ng/ml DNA probe, 133 mg/ml poly d(I-C), 66 mg/ml acetylated bovine serum albumine, 72 mM KCl, 13% glycerol, 10.6 mM HEPES (pH 7.9), 0.1 mM EDTA and 0.8 mM MgCl 2 ). Reactions were then incubated at 158C for 1 h and processed as described above.
